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Abstract 

In a previous study, we demonstrated that a high concentration (> 1 \xM) of 
isoproterenol (ISO) produced a dual effect on L-type Ga 2+ current (I Ca (L)) in 
vascular smooth muscle (VSM) cells from the portal vein: an initial stimulatory , 
action followed by a sustained inhibition. The first stimulatory phase was fast 
(presumably more direct) and may reflect G-protein gating of the Ga 2+ channels. 
The second inhibitory phase was slower (presumably more indirect) and maybe 
mediated by the adenylate cyclase/cAMP pathway. In order to define further 
the mechanism for the ISO inhibition of Ica(L) } the effects of cyclic nucleotides 
and their related protein kinases were examined in freshly isolated single 
smooth muscle cells from the rabbit portal vein using the whole-cell voltage 
clamp technique. To isolate Ica(L), the pipette solution contained high Cs + (to 
block K + outward current), and the bath contained physiological salt solution. 
Upon extracellular application of membrane-permeable cAMP and cGMP ana¬ 
logs (8-Br-cAMP and 8-Br-cGMP, 3 mM), I Ca (L) was significantly inhibited by 
27.9 ± 5.0 and 33.5 ± 4.8%, respectively. Forskolin (100 \xM) also depressed 
Ica<L)* The protein kinase inhibitor, H-7, prevented the inhibitory effects of both 
cyclic nucleotides and forskolin. In addition, intracellular application (via the 
patch pipettes) of cAMP-dependent protein kinase (PK-A, catalytic subunit; 

1.76 | xM) and cGMP-dependent protein kinase (PK-G, 50 nM, pre-activated by 
10 fiM cGMP) significantly inhibited the peak amplitude of Ica(L) by 45.5 ± 10; 
and 43.2 ± 6.2%, respectively. These results indicate that, in portal vein VSM 
cells, phosphorylation of the Ca 2+ channel protein, or of an associated regulatory 
protein, by PK-A and PK-G depresses Ica(L)* The inhibition of Ic a (L) by cyclic 
nucleotides may decrease the intracellular Ca 2+ concentration and contractility, " 
and therefore contributes to their vasodilatory effects. Thus, Ca 2+ channel phos¬ 
phorylation may provide an important mechanism for the cyclic nucleotide- 
dependent actions of some vasodilators. 


Introduction 

Blood vessel tone is controlled by a variety of endoge¬ 
nous and exogenous factors, including neurotransmitters, 
vasoactive hormones, autacoids, and therapeutic drugs. 


These substances appear to exert their primary effects on 
the electrical propert ies of the cell membrane of the vascu¬ 
lar smooth muscle (VSM) cells [1]. Their actions can be 
exerted either by a direct mechanism (acting on mem¬ 
brane ionic channels either directly or via a G-protein) or 
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by an indirect mechanism (via production of intracellular 
messengers, including cyclic nucleotides [cAMP and 
cGMP], inositol phosphates, and diacylglycerol). For ex¬ 
ample, both cAMP and cGMP elevation have been impli¬ 
cated in the relaxation of VSM tone in response to some 
vasodilators, such as endothelium-derived relaxing factor, 
nitroprusside and atrial natriuretic peptide (ANP). cAMP 
has been shown to inhibit Ca 2+ influx through the sarco- 
lemma [2], or stimulate Ca 2+ sequestration into the sarco¬ 
plasmic reticulum [3,4] and extrusion [5]. cGMP has also 
been shown to enhance Ca 2+ extrusion [6] and to depress 
phosphatidylinositol turnover and inositol triphosphate 
production [7]. 

Agents that activate adenylate cyclase, such as isopro¬ 
terenol (ISO) and forskolin, depress or abolish the Ca 2+ - 
dependent action potentials and hyperpolarize the mem¬ 
brane of cultured VSM cells (primary cultures from rat 
aorta) [8], These effects are mimicked by the membrane-. 
permeable analogs of cAMP (dibutyryl or 8-bromo- 
cAMP). Cyclic GMP (8Br-cGMP) also depressed or abol¬ 
ished the action potentials [8]. These results suggest that 
cAMP and cGMP decrease the inward Ca 2+ current (Ic a ) 
and/or increase an outward K + current. In voltage-clamp 
experiments on the same VSM cells, Bkaily et al. [9] 
reported that the dibutyryl analogs of cAMP and cGMP 
both inhibited the L-type Ca 2+ channel current. It is there¬ 
fore postulated that phosphorylation of Ca 2+ channels by 
various cyclic nucleotide-dependent protein kinases can 
regulate Ca 2+ channel activity in YSM cells [10]. 

In freshly isolated YSM cells from portal vein, we 
recently found that high concentrations (>.l j xM) of ISO 
produced a transient increase in the L-type Ic a (IcafuX fol¬ 
lowed by a sustained inhibition. H-7, a nonspecific potent 
inhibitor of protein kinases, prevents the inhibitory phase 
of ISO action, but had no effect on the stimulatory phase 
[11]. These results suggest that the inhibitory action of 
ISO on Ica(L> may be conducted through the cAMP/. 
cAMP-dependent protein kinase (PK-A) cascade. In 
freshly-isolated guinea-pig Taenia coli myocytes, Obara 
and Yabu [12] also reported that elevation of cAMP- 
depressed Ic a (L). 

Although extensive evidence supports a role of cyclic 
nucleotides in the regulation of Ca 2+ channels in myocar¬ 
dial cells, relatively little information is available regard¬ 
ing the cAMP- and cGMP-dependent phosphorylation of 
Ca 2+ channels in freshly isolated VSM cells. To test the 
hypothesis that phosphorylation of Ca 2+ channels (or 
associated regulatory proteins) is one of the major mecha¬ 
nisms for modulation of Ica(L) in VSM cells, we examined 
the effects of cAMP-dependent protein kinase (PK-A) and 


cGM P-de p.endent protein kinase (PK-G) on I C a(L) in 
freshly isolated YSM cells from the rabbit portal vein, 
using the whole-cell voltage clamp (with intracellular per¬ 
fusion) method. 


Methods 

Portal Vein Preparation 

Male albino rabbits (New Zealand White, 1.8-2.2 kg) were anes¬ 
thetized by injecting sodium pentobarbitone (50 mg/kg i.v.; Steris 
Laboratories Co., Phoenix, Ariz., USA) and then exsanguinated. The, 
portal vein was dissected with a length of 1-1.5 cm. . 

Single-Cell Dispersion 

The method for cell preparation was similar to those described 
previously [13]. Briefly, the connective tissue and endothelium were 
carefully removed, and the smooth muscle was then cut into 1 x 
2 mm pieces in Krebs-Ringer solution which had the following com¬ 
position (mA/): 120.7 NaCl, 5.9 KC1; 15.5NaHC0 3 ; 1.2NaH 2 P0 4 ; 
1.2 MgCl 2 ; 2.5 CaCl 2 , and 11.5 glucose. 

The tissues were preincubated for 10 min with nominally Ca 2+ - 
free physiological salt solution (PSS). Then they were incubated in 
Ca 2+ -free PSS containing 0.3% collagenase (WAKO Pure Chemical 
Co., Osaka, Japan), 0.1 % trypsin inhibitor (type IIs; Sigma Chemical 
Co., St. Louis, Mo., USA) and 0.3% bovine serum albumin (essen¬ 
tially fatty acid free; Sigma) for 22-25 min. The tissue was then 
washed 3 times with Ca 2 +-free PSS, and gently agitated with a blunt- 
tipped glass pipette until the solution became cloudy (25-40 times); 
the debris was then removed with a fine nylon mesh (200 x 
200 mm). The cells were suspended in a stock solution (0.5-miV/ 
Ca 2+ -, 0. 5-milf Mg 2+ -containing solution) with 0.2% trypsin inhibitor 
and 0.3% bovine serum albumin. The cell suspension was stored on 
ice and used within 5 h after cell harvesting. Only spindle-shaped 
cells were selected for experimentation. 

Electrical Recording 

The methods used to record the membrane currents were similar 
to those described previously [14,15]. Briefly, the cell suspension was 
put into a small chamber (0.6 ml) placed on the stage of a differential 
interference inverted microscope (TMD-Diaphot; Nikon Co., To¬ 
kyo, Japan). The whole-cell voltage clamp method was performed 
with patch electrodes (2-5 M£2) using a patch-clamp amplifier (Axo- 
patch-lD, Axon Instruments). The patch electrodes were made from 
borosilicate glass capillary tubing. After making a giga seal (> 10 GQ), 
the patch membrane was ruptured by negative pressure (20-450 mm 
H 2 0). Series resistance was partly compensated electrically. Leak 
and residual capacitive currents were subtracted using currents elicit¬ 
ed by small hyperpolarizing pulses (P/N protocols). All drugs were 
applied after the Ica stabilized (usually 3-5 min after getting the 
whole-cell configuration). In order to minimize Ic a run-down, the 
holding potential (HP) was -80 mV throughout, and the pulse inter¬ 
val was larger than 20 s. The data were recorded and analyzed using 
pClamp software (Axon Instruments). The results are expressed as 
mean values ± SB. All experiments were performed at room temper¬ 
ature (20-22 ° C). 
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Fig. 1. Time course of the amplitude of Ic a (L) in. freshly isolated single VSM cells from the rabbit portal vein. The 
I Ca (L) was evoked by a depolarizing pulse from -80 to 0 mV. The interval'between the depolarizing pulses was 20 s. 
The pipette contained high Cs + and the bath contained PSS. Three representative current traces (a, b, and c, from the 
same cell) are given in the upper panel. Each point and vertical bar denotes mean ± SE values, respectively. 


Solutions 

The nominally Ca 2+ -free solution for cell dispersion contained 
(mM): 140 NaCl; 6KC1; 10 glucose, and 10 N-(2-hydroxyethyl)pi- 
perazine-N'-Z-ethanesulfonic acid (HEPES). The 0.5-mM Ca 2+ -, 0.5- 
mM Mg 2+ -containing solution for cell storage contained (mM): 137 
NaCl; 6 KC1; 0.5 CaCl 2 , 0.5 MgCl 2 , 10 glucose, and 10 HEPES. To 
eliminate generation of K + currents, the pipette was filled high Cs + 
solution of the following composition (mM): 110 CsCl; 20 tetraethy- 
lammonium chloride; 5 MgCl 2 ; 5 Na 2 ATP; 4 ethylene glycol-bis ((3- 
aminoethylether^NjNjN'jN'-tetraacetic acid, and 10 HEPES. The 
PSS used to record lea contained (mM): 137 NaCl; 6-KC1; 2.5 CaCl 2 ; 
10 glucose, and 10 HEPES. The pH of all solutions was adjusted to 
7.3 ± 0.05 using tris(hydroxymethyl)aminomethane. 

Chemicals 

The chemicals used in the external solutions were 8-Br-cAMP ; 
(Sigma), 8-Br-CGMP (Sigma), and forskolin (Calbiochem, San Die¬ 
go, Calif., USA). 8-Br-cAMP and 8-Br-cGMP were dissolved in the 
bath solution, whereas forskolin was dissolved in DMSO and diluted 
1:300 with the bath solution so that the final DMSO concentration 
was 0.3%. It was demonstrated that this concentration did not signif¬ 
icantly affect lea- PK-A (catalytic subunit) and PK-G (Promega, 
Madison, Wise., USA) were dissolved in an internal solution for. 
intracellular application. l-(5-Isoquinolinylsulfonyl)-2-methylpiper- 


azine dihydrochloride (H-7; Seikagaku Kogyo, Tokyo, Japan) was 
dissolved in distilled water and used at a final concentration of 
30 pM to incubate cells for 30 min at room temperature (20-22 °C) 
before current recording. 

Results 

In rabbit portal vein VSM cells, when the cell mem¬ 
brane is depolarized to be more positive than -40 mV 
from a HP of -80 mV, substantial I Ca can be recorded 
with PSS in the bath and high Cs + solution in the pipette. 
Based on current decay, threshold potential (-40 mV), 
lack of‘hump’ shape in the current/voltage (I/V) relation¬ 
ship curve, and high sensitivity to dihydropyridine Ca 2+ 
channel blockers (the current was completely blocked by 
1 1 sM nifedipine), the observed lea is considered to be pri¬ 
marily Ica(L)* This is consistent with the previous reports 
using the same preparation [16-18]. 

In the present study, I C a(L) exhibited almost no run¬ 
down within 30 min. As shown in figure 1, when the 


_ 273 


Source: https://www.industrydocuments.ucsf.edu/docs/lmbbOOOO 







0 mV 


0 mV 


-80 mV | 


8-Br-cAMP 



100 ms 


-10 mV (A) or 0 mV (B) 


-80 mV 


30 uM H-7 pretreatment for 30 min 





100 pA 


100 ms 


-80 mV 



50 pA 


100 ms ' 


H-7.(30 u M) pretreatment (30 min) 

! KkrtjjtvA —---- - 

Forskolin ; 



30 pA 


100 ms 


Fig. 2 . Effect of 8-Br-cAMP and 8-Br-cGMP on I Ca (L) in freshly 
isolated single VSM cells from the rabbit portal vein. Current traces 
were evoked by a depolarizing pulse from -80 to 0 mV. The pipette 
contained high Cs + and the bath contained PSS. A Current traces in 
response to depolarizing pulses before (O) and during application of 
8-Br-cAMP (3 mM, 10 min after application; •) and after washout 
for 10 min ( A). B Current traces in response to depolarizing pulses 
before (O) and during application of 8-Br-cAMP (3 mM, 12 min after 
application; (•) and after washout for 10 min (A). As shown, both 
cyclic nucleotides significantly inhibited I Ca (L)- 

Fig. 3 . Effect of H-7 on response to 8Br-cAMP and 8-Br-cGMP. 
Current traces were evoked by a depolarizing pulse from.-80 to 
-10 mV (A) or 0 mV (B). The pipette contained high Cs + and the bath 
contained PSS. H-7 (30 \iM) was added to the bath solution (to incu¬ 
bate cells) 30 min before current recording. A Current traces in 
response to depolarizing pulses without (O) and with (•) 8-Br-cAMP 
(3 mM). B Current traces in response to depolarizing pulses without 
(O) and with (•) 8-Br-cGMP (3 mA/)- Note the lack of response to 
8-Br-cAMP and a very slight response to 8-Br-cGMP. 

Fig. 4 . Effect of forskolin on Ica(L) in single VSM cells from the 
rabbit portal vein. Experimental conditions were same as in figure 2. 
A Current traces in responses to depolarizing potentials recorded in 
the absence (O) and presence (•) of 100 \lM forskolin. B The same 
current responses after pretreatment of the cells with the protein 
kinase inhibitor H-7. Symbols are same as in figure. 5 A. Note that the 
inhibitory effect of forskolin almost disappeared after H-7. 


membrane was ruptured (whole-cell configuration), the 
Ica(L) (evoked at 0 mV from a HP of -80 mV) gradually 
increased, and reached its peak value (about 120 pA) 
within 3 min. The current maintained this level for about 
35 min before slightly declining (fig. 1; n = 5). Thus, 
although I Ca (L) tended to decline with time (run-down), we 


could record substantial Ica(L) (70-80% of control) for 
nearly 2 h (n = 3). 

Figure 2 shows the effects of cyclic nucleotides on L- 
type Ca 2+ channel activity in rabbit portal vein. Upon 
application of 8-Br-cAMP (3 mM) to the bath for 10 min, 
the amplitude of Ica(L) was inhibited. After washout of this 
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Fig. 5. Effect of c AMP- depen dent protein kinase (PK-A, catalytic subunit) on Ic a (L) in single VSM cells from the 
rabbit portal vein. The pipette contained high Cs + and the bath contained PSS. PK-A was applied internally via the 
intracellular perfusion technique. A Time course of response to PK-A (1.76 jxiW). B Three examples of Ic a (L) (a, b, and 
c) trace during application of PK-A as marked in figure 6A. 

agent for 10 min, Ic a (L) almost completely recovered cAMP (3 mM) exhibited almost no effect on Ic a (L) (at 
(fig. 2A). In most cases, Ica(L) started to decrease within , 12 min after application; fig. 3A), whereas 8-Br-cGMP 
5 min, and almost reached the maximal effect at 10 min (3 mM) inhibited only slightly (at 15 min after applica- 
after application. The averaged Ic a (L) inhibition was 27.9 tion; fig. 3B). • 

± 5.0% (n = 4). Similarly, extracellular application of 8- To examine further the effect of cAMP on I Ca in these 
Br-cGMP (3 mM) also produced a maximal inhibition of cells, forskolin, an agent that directly stimulates adenylate 
Ica(L) by 33.5 ± 5.8% (n = 3). The maximal effect of cyclase, was used. At 10 pM, forskolin exhibited only a 
cGMP was usually at 10-15 min after application. An small inhibitory action on Ica(L), and at 100 pM the effect 
example of such inhibition is given in figure 2B. As was pronounced. Figure 4 shows an example of cells 
shown, 3 mM 8-Br-cGMP depressed I Ca (L) by 43% within which responded to forskolin in the absence and presence 
12 min of application. 10 min after washout, the Ic a (L) was of H-7. As shown, bath application of 100 \xM forskolin 
partially restored. inhibited Ica(L) by 33% (8 min after application; fig. 4A). 

To examine whether the effects ofcyclic nucleotides on On the other hand, when the cell was preincubated with 
Ca 2+ channels were related to a specific action on protein H-7 (30 j ±M) for 30 min, forskolin had almost no effect 
kinases, a high dose (30 j \xM) of H-7, a nonselective pro- (8 min after application; fig. 4B). 

tein kinase inhibitor, was applied to the cells for 30 min To characterize the mechanism underlying the effects 
before electrical recording. As shown in figured, the of cyclic nucleotides on Ic a (L), PK-A (catalytic subunit) 
inhibitory effect of 8-Br-cAMP and 8-Br-cGMP was and PK-G were applied intracellularly. Figure 5 demon- 
greatly attenuated in cells pretreated with H-7. 8-Br- strates the gradual inhibitory effect of 1.76 pM PK-A 
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Discussion 


In the present study, we demonstrated that not only the 
cyclic nucleotides (cAMP and cGMP), but also their relat¬ 
ed protein kinases (PK-A and PK-G, respectively), signifi¬ 
cantly inhibited I Ca (L) m freshly isolated VSM cells from 
the rabbit portal vein. These effects were not due to I Ca (L) 
run-down, since experiments were completed within 
25 min, whereas the Ic a (L) ia control experiments demon¬ 
strated almost no run-down after 30 min (fig. 1). These 
results therefore support the hypothesis that phosphoryla¬ 
tion of L-type Ca 2+ channels (or associated regulatory pro¬ 
teins) by cyclic nucleotide-dependent protein kinases 
(PK-A and PK-G) inhibit Ca 2+ channel activity in VSM 
cells [10]. 

A number of previous studies have suggested that both 
cAMP and cGMP may play an important roles in control¬ 
ling the Ca 2+ influx into VSM cells. For example, intracel¬ 
lular recordings in cultured aortic reaggregates have 
shown that the Ca 2+ -dependent action potentials can be 
depressed or abolished by agents that activate adenylate 
cyclase (such as ISO and forskolin),. or by agents that acti¬ 
vate guanylate cyclase (such as ANP) [8]. These effects 
were mimicked by membrane-permeable analogs of 
cAMP and cGMP [8], suggesting that both cyclic nucleo¬ 
tides inhibit Ca 2+ channel activity. In voltage-clamp ex¬ 
periments on cultured aortic VSM cells, it was reported 
that both dibutyryl cAMP and dibutyryl cGMP suppress 
the inward Ra 2+ current through the L-type Ca 2 * channels 

[9]. 

In the present experiments on freshly isolated cells 
from rabbit portal vein, both cAMP and cGMP signifi¬ 
cantly inhibited Ic a (D- Forskolin (adenylate cyclase acti-. 
vator) also inhibited Ica(L>* Similar results were also ob¬ 
served in VSM cell from the rat portal vein (data not 
shown). To characterize whether these agents acted on 
Ca 2+ channels directly or through their protein kinases, a 
high dose of FI-7 (30 1 iM; nonselective inhibitor of pro¬ 
tein kinases) was applied, and it effectively prevented the 
inhibitory actions of those agents on I Ca . Therefore, the 
cAMP- and cGMP-induced inhibition of I Ca was likely 
produced by Ca 2+ channel phophorylation. Further ex¬ 
periments on PK-A and PK-G confirmed that both 
kinases markedly suppressed I Ca (L) (Fig. 5, 6 , 7). It is 
therefore likely that, in VSM cells, the cyclic nucleotides 
decrease Ca 2+ channel activity via adenylate cyclase/ 
cAMP/P K-A and guanylate cyclase/cGMP/PK-G cas¬ 
cade pathways, thereby producing vasodilation. These 
results support and extend the previous hypothesis [10]. 
Recently, Obara and Yabu [12] reported that an increase 


in intra cellu lar cAMP level caused a decrease in I Ca in 
freshly isolated gastrointestinal smooth muscle cells from 
guinea-pig Taenia colt 

It has been reported in frog ventricular cells that P- 
adrenergic stimulation of Ca 2+ channels (phosphoryla¬ 
tion) is voltage dependent. Specifically, the ISO-induced 
lea augmentation was greater at more negative potentials 
than positive potentials, thereby shifting the I/V curve 
slightly leftward (although the voltage for peak current 
was almost unchanged) [19]. In contrast, in ventricular 
cells from guinea pigs, an absence of an I/V curve shift (by 
catalytic subunit of PK-A) has been reported [20]. In the 
present study on portal vein VSM cells, the PK-A-induced 
lea inhibition was more prominent at more positive 
potentials than at more negative potentials. This is consis¬ 
tent with a recent study in the same tissue (rabbit portal 
vein) [18]. 

The reason for the shift of reversal potential by PK-A 
(fig. 6) is not clear. One possibility is that the high dose of 
PK-A (1.76 jiiVi) used may evoke some outward current 
(Cs + efflux) at strongly positive potentials. Another possi¬ 
bility might be that the phosphorylation could modulate 
the nonlinear background currents (cannot be subtracted 
by P/N protocol), which could alter the apparent ampli¬ 
tude Of Ic a (L> 

Recently, Ishikawa et al. [18] reported in VSM cells 
from the rabbit portal vein that a low concentration of 
8-Br-cAMP (0.1 m M) slightly increased Ic a (L)> but a higher 
concentration (1 m M) significantly decreased I Ca ; this in¬ 
hibitory effect was mimicked by PK-G. The authors thus 
suggested that this inhibition was probably mediated by 
PK-G activation, leading to a decrease in Ic a . Consistent 
with this finding, we observed that 8-Br-cAMP and 
cGMP (3 m M) significantly inhibited Ic a (fig. 2). Since 
not only the PKG, but also the catalytic subunit of PK-A 
itself (1.76 j xM) clearly inhibited Ica (fig. 5, 6,7), it is 
therefore likely that the cAMP-induced Ic a inhibition in 
the rabbit portal vein may be caused by activating both 
PK-A and PK-G, and thereby causing the Ca 2+ channel 
phosphorylation and inhibition. 

The effect of a low concentration of cAMP (<1 mM) 
was not examined in the present study. However, we 
showed that forskolin (100 jaM) inhibited I Ca (fig. 4), 
which is in disagreement with results in freshly isolated 
VSM cells from the porcine coronary artery and even 
from the rabbit portal vein that showed that forskolin 
(<10 \xM) increased I Ca [18, 21]. The reason for these dis¬ 
crepancies is not immediately apparent, but may be relat¬ 
ed to the different experimental conditions used, such as 
different species/tissues, temperatures and different doses 
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of foiskolin. In the rabbit portal vein, Ishikawa et al. [18] 
performed experiments at 35 °C, whereas our experi¬ 
ments were carried out at room temperature (20-22 °C). 
It has been known that in smooth muscle cells the temper¬ 
ature could significantly modify the membrane currents 
[22, 23], that is, the current changes might be different at 
physiological temperatures. In addition, the effect of fors¬ 
kolin seems to be complicated. For example, we have 
noted that the effect of forskolin on Ic a at a low concentra¬ 
tion was not consistent, although usually 1 jiM forskolin 
had no effect (in the study by Ishikawa et al. [18], 1 m M 
8-Br-cAMP was found to inhibit Ic a in all six cells tested, 
however, the incidence of forskolin stimulation was not 
mentioned in the paper). Furthermore, forskolin has also 
been reported to act directly on membrane ion channels. 
In pregnant rat myometrial cells, Inoue et al. [24] reported 
that forskolin significantly depressed K + current in preg¬ 
nant myometrial cells, whereas cAMP itself had no effect; 
a PK-A inhibitor did not affect the forskolin-induced 
inhibition. Thus, the authors concluded that forskolin 
inhibition of K + current was independent of cAMP gener¬ 
ation, but appeared to be a direct inhibition of K + chan¬ 
nels [24]. Although the data from Ishikawa et al. [18] and 
from our previous study [11] can partially explain the con- 
troversial results with respect to the effect of the ISO/ 
cAMP system on Ic a in VSM cells [9, 21, 25-27], some 
discrepancies have still not been resolved. Therefore, fur¬ 
ther experiments are necessary to clarify the discrepan¬ 
cies, and investigation into the cause of those inconsistent 


cies could yield important insight into the functioning of 
the experimental control system. 

In summary, our results, demonstrating that both PK- 
A and PK-G inhibit Ic a (L)> are important for better under¬ 
standing of the regulation of Ca 2+ channels by phosphory¬ 
lation in VSM cells. It has been reported that the vasodila- 
tory effects of [3-adrenoceptor agonists and prostacyclin 
are dependent on cAMP formation [28, 29], and the 
effects of nitric oxide and ANP are dependent on cAMP 
formation [30, 31]. Although the cAMP- and cGMP- 
induced vasodilation may be mediated by multiple mech¬ 
anisms (e.g., decreasing the intracellular Ca 2+ concentra¬ 
tion; decreasing the affinity of myosin light chain kinase 
for the Ca 2+ -calmodulin complex), inhibition of I Ca may 
be an important mechanism for the regulation of intracel¬ 
lular Ca 2+ concentration. Thus, phosphorylation of Ca 2+ 
channels (or associated regulatory proteins) by cyclic nu¬ 
cleotide-dependent protein kinase, and the resulting re¬ 
duction in Ca 2+ influx across the cell membrane, may be 
one of the major mechanisms for the relaxation of VSM 
tissue in response to some vasodilators. 
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